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A B S T R A C T
The structure of the Fuegian Andes central belt is characterized by a first phase of peak metamorphism and
ductile deformation, followed by a brittle-ductile thrusting phase including juxtaposition of different (first
phase) structural levels; both related to the closure and inversion of the Late Jurassic-Early Cretaceous Rocas
Verdes basin. The second phase involved thrust sheets of pre-Jurassic basement, as well as Upper Jurassic and
Lower Cretaceous units from the volcanic-sedimentary fill of the basin. Rock exposures in the Parque Nacional
Tierra del Fuego reveal a diversity of metamorphic mineral assemblages, dynamic recrystallization grades and
associated structures, evidencing a variety of protoliths and positions in the crust during their orogenic evolu-
tion. Among the units present in this sector, the Lapataia Formation portrays the higher metamorphic grade
reported in the Argentine side of the Fuegian Andes, and since no precise radiometric ages have been established
to date, its stratigraphic position remains a matter of debate: the discussion being whether it belongs to the pre-
Jurassic basement, or the Upper Jurassic volcanic/volcaniclastic initial fill of the Rocas Verdes basin. The
mapping and petrographic/microstructural study of the Lapataia Formation and those of undoubtedly Mesozoic
age, allow to characterize the former as a group of rocks with great lithological affinity with the Upper Jurassic
metamorphic rocks found elsewhere in the central belt of the Fuegian Andes. The main differences in meta-
morphic grade are indebted to its deformation at deeper crustal levels, but during the same stages than the
Mesozoic rocks. Accordingly, we interpret the regional structure to be associated with the stacking of thrust
sheets from different structural levels through the emplacement of a duplex system during the growth of the
Fuegian Andes.
1. Introduction
The Fuegian Andes, located at the southeastern culmination of the
Andean Cordillera, reveal a complex stratigraphy and tectonic history.
Continued contraction and inversion of a back-arc basin in southern
South America between the Late Cretaceous and the early Neogene
resulted in the development of an alpine, collisional-type orogen.
Differences in structural styles during progressive deformation allow
sub-dividing the Fuegian Andes into a central belt, which comprises the
higher metamorphic grade and ductile deformation; and a thin-skinned
foreland thrust-fold belt, featuring a series of fault-related folds and
imbricate systems (Fig. 1). Both domains are structurally linked, so that
uplift and exhumation in the central belt (hinterland) led to the pro-
pagation of the foreland thrust-fold belt, which progressively in-
corporated sediments of the foreland Austral basin (Klepeis, 1994;
Klepeis et al., 2010; Torres Carbonell and Dimieri, 2013).
In the Parque Nacional Tierra del Fuego (Figs. 1–3), greenschist
facies metamorphic rocks assigned to the Lapataia Formation (Esquistos
de Lapataia, Petersen, 1949; Metamorfita Lapataia, Borrello, 1969;
Lapataia Formation, Olivero et al., 1999) are exposed. A higher meta-
morphic grade and associated deformation within this unit compared to
adjacent Mesozoic rocks, has motivated some authors (Kranck, 1932;
Petersen, 1949; Caminos et al., 1981) to consider it part of the pre-
Jurassic basement of the Rocas Verdes Basin, a rift to back-arc basin
developed in the southwestern margin of Gondwana since the Late
Jurassic (Fig. 1C). This interpretation is based on the correlation be-
tween the Lapataia Formation and the middle to high grade meta-
morphic complex that constitutes the basement of the basin in Cordil-
lera Darwin (Fig. 1A and B). Other studies (Borrello, 1972; Acevedo,
1988; Olivero et al., 1997; Acevedo et al., 2008) stated that the Lapataia
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Formation could represent a highly deformed section of the Upper
Jurassic volcanic-volcaniclastic sequence (Lemaire Formation, Borrello,
1969). The lack of precise radiometric ages for the Lapataia Formation
keeps open the debate concerning its stratigraphic position.
In this paper we address two issues: on one hand, the stratigraphy of
the Lapataia Formation is treated through a detailed study of its
structure and petrography. We aim to determine the existence or ab-
sence of deformation phases older than the known mid-Cretaceous
deformation (cf. Bruhn, 1979; among others), or any petrographic
evidence which could allow considering this unit part of a pre-orogenic
basement. The other aspect that will be discussed concerns the kine-
matics of the closure of the Rocas Verdes basin. Our analysis of pene-
trative structures in this part of the central belt helps to support pre-
viously proposed models for the closure of the basin and uplift of the
mountain range. We show data from geologic structures associated to
three distinct deformation phases (D1, D2 and D3), the third of which
has not been described before. Additionally, through the study of me-
tamorphic mineral assemblages and dynamic recrystallization micro-
structures we determine the range of metamorphic peak P-T conditions
and identify strain gradients in rocks within the same unit, with in-
crement in strain intensity toward a ductile shear zone mapped for the
first time.
Our results suggest that the protolith of the Lapataia Formation is
constituted by volcaniclastic sediments and volcanic rocks, very similar
to those of the Lemaire Formation (Upper Jurassic), metamorphosed
and deformed in a comparatively deeper structural level during D1
(during the obduction of the basin). Subsequently, the emplacement of
a crustal duplex system during D2 produced thrusting along ramps that
transmitted shortening to a roof thrust located near the Upper Jurassic-
Lower Cretaceous contact.
2. Geologic setting
Kranck's work in the “Cordillera of Tierra del Fuego” (1932) has
been widely regarded as the first thorough stratigraphic, petrographic
and structural study in the Fuegian Andes. Previous geologic observa-
tions in the area include essential but reconnaissance-oriented studies
made by Darwin (1846), Lovisato (1883), Hyades (1887), Nordenskjöld
(1905), Quensel (1913) and Bonarelli (1917), among others. Although
Kranck's interpretations concerning the ages of the units he mapped
were inexact (partly misled by the study of radiolarians in the Yahgán
Formation), the description of the petrography and rock structures is
highly detailed and accurate. Subsequent geologic research in the
Fuegian Andes led to a better understanding of their stratigraphy and
tectonic evolution, but with few detailed structural studies carried out
in the Argentine side of the central belt, and particularly in the study
area (Bruhn, 1979; Caminos, 1980; Caminos et al., 1981; Acevedo,
1988; Olivero et al., 1997; Olivero and Martinioni, 2001; Torres
Carbonell and Dimieri, 2013; González Guillot et al., 2016).
The units recognized in this work bear penetrative structures related
to the closure of the Rocas Verdes back-arc basin (RVBB, Katz, 1964,
1972; Dalziel et al., 1974; Suárez and Pettigrew, 1976; Bruhn, 1979).
The opening of the basin during an initial rift stage was characterized
by widespread bimodal, but predominantly acid volcanism, represented
by the Lemaire Formation (Upper Jurassic). During the Late Jurassic
and the Early Cretaceous, basic rocks related to oceanic floor generation
were intruded, and subsequently the basin was filled with a thick se-
dimentary sequence (mostly flysch-like in the deepest sector of the
basin) in a back-arc setting (Yahgán Formation, Lower Cretaceous;
Fig. 1C) (Wilson, 1991; Olivero and Martinioni, 2001; Calderón et al.,
2007).
In the central belt of the Fuegian Andes, two main contractional
stages have been attributed to the closure of the RVBB. The first phase
(also referred to as the main phase of deformation) initiated ca. 100 Ma.
Time constraints for this event are mainly based on the youngest age of
deformed marginal basin fill, provided by late Albian inoceramids
(Olivero and Martinioni, 1996a) and detrital zircon U/Pb ages (Barbeau
et al., 2009); as well as zircon U/Pb crystallization ages for the Late
Cretaceous Beagle Suite granites in Cordillera Darwin, which intrude
rocks bearing first phase structures (Kohn et al., 1995; Klepeis et al.,
2010). Beagle Suite granites with ages spanning between 86 and 74 Ma
are affected by second phase structures, thus constraining the maximum
age of this deformation phase to ca. 80 Ma (Klepeis et al., 2010).
Thermochronologic studies in metamorphic rocks of Cordillera Darwin
reveal an early “rapid” cooling stage after peak metamorphism was
reached, estimated between 90 and 70 Ma; followed by a relatively
slow cooling episode between 60 and 40 Ma, with a peak cooling at 50
Ma (Nelson, 1982; Kohn et al., 1995).
Broadly speaking, two contrasting models were suggested for the
RVBB closure and evolution of the Fuegian orogen since the Late
Cretaceous. On one end, a transpressional mechanism for the uplift of
the cordillera, related to regional left-lateral strike-slip activity asso-
ciated to the northern Scotia Plate boundary has been proposed
(Cunningham, 1995; Menichetti et al., 2008; Esteban et al., 2011,
among others). The other model proposes a pure contractional tectonic
regime, caused due to the arc-continent collision of both margins of the
RVBB since ca. 100 Ma, with different interpretations concerning the
geometry and kinematics of orogenic growth (Bruhn, 1979; Klepeis,
1994; Klepeis et al., 2010; Torres Carbonell and Dimieri, 2013; Torres
Carbonell et al., 2017). These models agree with the occurrence of
obduction of the oceanic floor of the basin toward the N-NE and the
underthrusting of the South American cratonic margin to the S-SW
(present coordinates). Particularly, in the Argentine side of the central
belt (Fig. 1B), Torres Carbonell and Dimieri (2013) reinterpreted a
series of thrusts and detachment surfaces comparable to similar struc-
tures described by Klepeis (1994) and Klepeis et al. (2010) in Chile,
proposing a model by which the uplift and exhumation of the central
belt results as a consequence of the emplacement of a regional-scale
duplex transferring shortening to a roof thrust located near the Upper
Jurassic-Lower Cretaceous contact. This detachment surface corre-
sponds, in turn, to the floor thrust of the foreland thrust-fold belt
(Fig. 1).
During this process, the basement of the RVBB, formed by metase-
dimentites and metavolcanites from pre-Jurassic accretionary com-
plexes of southwestern Gondwana (Hervé et al., 2008), was uplifted.
These basement rocks (exposed in Cordillera Darwin, approximately
20 km west of our study area; Fig. 1A and B), were metamorphosed
during orogenic growth reaching upper amphibolite facies (Kohn et al.,
1993; Maloney et al., 2011). In the western sector of our study area
(Figs. 2 and 3), exposures of greenschist facies metamorphic rocks
(Lapataia Formation) were formerly interpreted by Kranck (1932) as a
continuation of the pre-Jurassic basement belt of Cordillera Darwin (see
also Nelson et al., 1980; Caminos et al., 1981). Bruhn (1979) described
the structure of the Lapataia Bay schists, characterizing the main pe-
netrative structures, and considered a “probably Upper Paleozoic to
Lower Mesozoic” age span for them (p. 1001). In the sector comprised
between Zaratiegui Cove and Cucharita Bay (Figs. 2 and 3), Olivero
et al. (1997) recognized a sequence which includes garnet-bearing
Fig. 1. A. Regional geologic map, showing the stratigraphy and main tectonic features of Tierra del Fuego. PNTDF: Parque Nacional Tierra del Fuego. MS: Magellan
Strait B. Geologic map of the central belt of the Fuegian Andes. The black box depicts the area studied in this paper (Figs. 2 and 3). VS: Ventisquero Sound. PB: Parry
Bay. YB: Yendegaia Bay. C. Schematic sequential interpretation of the evolution and closure of the RVBB (Rocas Verdes back-arc Basin), taken from Torres Carbonell
et al. (2017). TFB: thrust-fold belt. Fig. 1A and B were modified from Torres Carbonell and Dimieri (2013). Based on geologic data published by Bruhn (1979), Nelson
et al. (1980), Klepeis (1994), SERNAGEOMIN (2003), Olivero and Malumián (2008), Klepeis et al. (2010), Torres Carbonell and Dimieri (2013), and this work.
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Fig. 2. Geologic map of the study area, showing D1 structural data. For location see Fig. 1. Contacts are dashed where inferred. Topographic contour interval: 100m.
X–Y: Cross-section in Fig. 10.
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Fig. 3. Geologic map of the study area, showing D2 and D3 structural data. For location see Fig. 1. Contacts are dashed where inferred. Topographic contour interval:
100m. X–Y: Cross-section in Fig. 10.
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Fig. 4. Lithological groups of the Lapataia Formation mapped in this work. A. Outcrop picture of quartz-chlorite greenschists near Zeballos Beacon. S1 is slightly
anastomosed around volcanic detritus (upper part) and a layer of oxidized material (central part). A detail of a carbonaceous concretion is shown on the lower-right
corner of the picture. Coin diameter: 23mm. B. Photomicrograph of quartz-chlorite greenschists. Plane-polarized light (PPL) C. Outcrop of metabasites near Chica
Bay, with variation in foliation development. S1 is a much more spaced foliation (dashed lines, upper part) in the greenstones than in the greenschists (continuous
lines, lower part). D. Photomicrograph of actinolitic greenschists. Crossed-polarized light (CPL) E. Outcrop picture of finely interbedded slates and quartzites. F.
Photomicrograph of chlorite-white mica slates (micaceous and opaque layers at lower right), with intercalation of quartzite levels (upper left). CPL. Chl: chlorite, Stp:
stilpnomelane, Wmca: white mica, Ttn: titanite, Qtz: quartz, Pl: plagioclase, Op: opaque material, Tre: tremolite, Act: actinolite, Ep: epidote, Czo: clinozoisite, Ps:
pistacite.
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“fine” schists, in concealed contact with less deformed clastic facies of
the Lemaire Formation, leaving open the discussion regarding the age
of the former.
After contraction ceased, a strike-slip faulting regime associated to
the North Scotia Plate boundary dominated the regional tectonic fra-
mework of Tierra del Fuego since the late Neogene (Torres Carbonell
et al., 2014). Left-lateral strike offset in the foreland thrust-fold belt,
along the Fagnano Transform System (Fig. 1A and B) is roughly 50 km
(Torres Carbonell et al., 2008).
3. Methodology
We mapped the three units present in our study area (Lapataia,
Lemaire and Yahgán formations), mostly near the coastline and above
the tree line, with focus on the detailed description of structures and
lithologies. Oriented rock samples were used for the petrographic and
microtectonic study of 62 thin sections, cut perpendicular to foliation
surfaces and parallel to stretching lineations when present.
Metamorphic rock nomenclatures and mineral abbreviations follow
recommendations by the IUGS Subcommission on the Systematics of
Metamorphic Rocks (Fettes and Desmons, 2007). Microstructural ter-
minology is based on Passchier and Trouw (2005) and Trouw et al.
(2010). All spherical projections shown in this work are equal area,
lower hemisphere, and were constructed with the software Stereonet
(R. W. Allmendinger).
4. Petrography of stratigraphic units and fault rocks
In this section we provide a description on the field (outcrop) and
petrographic characteristics of the Lapataia, Lemaire and Yahgán for-
mations. Additionally, we describe the petrography of mylonitic rocks
in the Lapataia and Lemaire formations; and cohesive cataclasites lo-
cated in the tectonic contacts between the Lapataia, Lemaire and
Yahgán formations. This section points to the characterization of dif-
ferent lithologies included in each Formation, and the designation of
metamorphic grades by defining index minerals and metamorphic
parageneses. For a further and more detailed description of the struc-
tural geology, as well as timing and characteristics of metamorphic
events, see section 5.
4.1. Lapataia Formation
Rocks of the Lapataia Formation comprise slates, phyllites and
schists in greenschist facies, distributed along an approximate SW-NE
transect from the Chile-Argentina international border near the
Zeballos Beacon to the Zaratiegui Cove sector (Figs. 2 and 3). Litholo-
gical contacts have a general WNW-ESE trend, sub-parallel to the main
tectonic foliation (S1). Bedding surfaces (S0) have, in most cases, been
transposed by the strong development of S1. When visible, they corre-
spond to cm-scale isoclinal rootless folds and dismembered laminae,
disposed parallel to S1. Cm-to m-thick quartz and calcite veins, some-
times containing oxidized pyrite crystals, both crosscut and parallel the
S1 foliation, and some are folded and affected by S1.
We recognized three distinct metamorphic mineral assemblages
within this Formation, which respond to diverse protoliths: an acid
pyroclastic/volcaniclastic, a pelitic/psammitic sedimentary and a basic
volcanic one. We therefore subdivide the Lapataia Formation into three
lithological groups, each of them portraying a different metamorphic
paragenesis, but all consistent with greenschist facies metamorphic
grade.
4.1.1. Quartz-chlorite greenschists (acid metavolcaniclastites)
Greenschist facies phyllites and fine schists with an acid volcani-
clastic (probably pyroclastic) protolith and a greenish aspect are widely
exposed from the southwestern corner of our study area to the tectonic
contact with the Lemaire Formation east of Zaratiegui Cove, with
intercalations of Lapataia Formation metabasites and metasedimentites
(Figs. 2 and 3). Metamorphism and deformation affecting these rocks
(and other lithological groups of the Lapataia Formation), make it dif-
ficult to precisely establish the nature of the protolith. Lithoclasts of an
acid volcanic source were identified, and we therefore consider the
protolith to be volcaniclastic in a broad sense (McPhie et al., 1993), and
suggest a probably pyroclastic origin, as in the case of the Lemaire
Formation, where a primary pyroclastic protolith (McPhie et al., 1993)
can be more accurately determined from the presence of highly strained
fiamme. The strong development of S1 produced a generalized trans-
position of S0, visible both at an outcrop and at the microscopic scale.
This foliation is mostly observed as a continuous schistosity, with
general planar geometry, but anastomosed around centimetric volcanic
clasts (which belong to the protolith) when present. Calcareous, car-
bonaceous and oxidized sulphide-rich layers and concretions are very
common, flattened parallel to the tectonic foliation (Fig. 4A). Under the
microscope, abundant chlorite and quartz (with a strong grain-shape
preferred orientation, GSPO) are aligned defining the main foliation of
the rock. Also, sericitized plagioclase, white mica (possibly phengite, cf.
Acevedo, 1995), stilpnomelane, titanite and lesser quantities of calcite
and epidote (pistacite) are found (Fig. 4B). Epidote is much less
abundant than in the Lapataia Formation metabasites, and zoisite-
clinozoisite is almost absent. Calcite content varies from one locality to
another and may be related to replacement after the main metamorphic
event. Olivero et al. (1997) mentioned very fine garnet in Lapataia
Formation schists toward the east of Zaratiegui Cove. We recognized
very small crystals of this mineral only in one sample from a locality in
the Guanaco Range (Supplementary Material 1A). The complete me-
tamorphic paragenesis observed is chlorite + quartz + white
mica + plagioclase ± stilpnomelane ± epidote ± titanite ±
garnet. Chlorite, quartz and white mica are considered metamorphic
index minerals in this lithological group, characteristic of greenschist
facies metamorphic grade. It is worth noting that metamorphic rocks in
this lithological group lack tremolite-actinolite, which is a dominant
index mineral in the intercalated Lapataia Formation metabasites
(section 4.1.2).
4.1.2. Actinolitic greenschists and greenstones (metabasites)
The highly variable grade of foliation development allows sub-
dividing the metabasites of the Lapataia Formation into greenschists
and greenstones; the first being densely foliated and the second with a
less developed and more spaced foliation (Fettes and Desmons, 2007).
This difference in foliation development is conspicuous on an outcrop
scale and may respond to different rheological properties of the pro-
tolith (Fig. 4C). Outcrops of this lithological group, especially when
showing a well-developed tectonic foliation (actinolitic greenschists),
highly resemble those of the quartz-chlorite greenschists. They also
have a greenish aspect and are very fine-grained, making it difficult to
distinguish both groups in the field. However, the microscopic analysis
of several samples reveals a characteristic mineral paragenesis in this
group and thus constituted the most important tool for recognition.
Under the microscope, the actinolitic greenschists show a main tectonic
foliation (S1), which is a planar continuous schistosity defined by the
growth of fibrous to acicular tremolite-actinolite crystals. S1 is a rough
spaced foliation in the greenstones, defined by prismatic tremolite-ac-
tinolite. Replacement of tremolite-actinolite by chlorite is frequent and
may indicate retrograde metamorphism. Rocks of this lithological
group contain great amounts of metamorphic epidote-group minerals
(zoisite, clinozoisite and pistacite) (Fig. 4D). Zoning is common, with
pistacite in the center and zoisite-clinozoisite toward crystal bound-
aries. Both metamorphic and relict plagioclase were recognized, the
second being highly altered, replaced and/or cross-cut by tremolite-
actinolite and chlorite (Supplementary Material 1B). Also, quartz,
chlorite, calcite, and lesser quantities of titanite, stilpnomelane and
white mica are present. The complete metamorphic paragenesis ob-
served is tremolite-actinolite + epidote (clinozoisite-zoisite-
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pistacite) + chlorite + plagioclase + quartz ± stilpnomelane ±
titanite. Tremolite-actinolite, epidote and chlorite are considered me-
tamorphic index minerals in this lithological group, characteristic of
greenschist facies metamorphic conditions in metabasites.
4.1.3. Chlorite-white mica slates and quartzites (metasedimentites)
Very fine-grained black slates and fine whitish quartzite layers
(Fig. 4E) appear as relatively narrow lenses, intercalated with the
quartz-chlorite greenschists and actinolitic greenschists and green-
stones. Lithological contacts have a general WNW-ESE trend, and
sometimes pinch out laterally within a few tens of meters (Figs. 2 and
3). Slates are the dominant lithology; whereas quartzites appear as thin
intercalations in the sedimentary layering (S0). A noticeable geomor-
phological feature produced by the outcrops of the slates is the gen-
eration of small coves along the coast of the Beagle Channel. Cm-scale
quartz veins with pyrite are frequent.
On thin section (Fig. 4F) white mica appears as the main meta-
morphic mineral in the slates, along with chlorite and stilpnomelane.
Very small detrital fragments of quartz, plagioclase and k-feldspars are
interpreted as part of the protolith. Clay-rich and carbonaceous layers
are also abundant in the slates. The quartzites are mainly composed of
quartz and feldspars (with a strong GSPO), and lesser quantities of
white mica and chlorite. The rhythmic intercalation between both
lithologies reveals the inherited original bedding of the protolith (S0),
and is disposed parallel to the main tectonic foliation (S1) due to iso-
clinal folding and transposition (see section 5) (Supplementary Material
1C). Very small crystals of epidote (pistacite) are present, as well as
titanite and allanite. Calcite appears both as part of the protolith (mi-
critic matrix in marls near Saenz Valiente Bay) and as a replacement
mineral. The metamorphic mineral paragenesis observed in the slates
is: chlorite + white mica + quartz + stilpnomelane + plagioclase ±
epidote ± titanite; and in the quartzites: quartz + plagio-
clase + chlorite + white mica ± titanite. Chlorite and white mica are
considered index metamorphic minerals, allowing to classify the me-
tamorphic grade into lower greenschist facies.
4.2. Lemaire Formation
In the study area, the Lemaire Formation is disposed in an ap-
proximate 2 km-wide NNW-SSE belt, located east of Zaratiegui Cove,
bounded in tectonic contact by the Lapataia and Yahgán formations
(see section 6.2) (Figs. 2 and 3). It is composed of low-grade meta-
morphic rocks: acid metabreccias and metatuffs (which correspond to a
pyroclastic protolith) and slates (of a sedimentary protolith)
(Fig. 5A–D).
The pyroclastic protolith of the Lemaire Formation is quartz- and
feldspar-rich. Quartz and sericite were recognized as the main meta-
morphic minerals (Fig. 5B). Stilpnomelane and lesser quantities of
chlorite were also found. Lozenge-shaped aggregates of sericite and
chlorite are probably strained and altered fiamme (averagely
1.1×0.4mm, and up to 1.5×0.5mm), stretched parallel to the fo-
liation of the rock (Supplementary Material 1D).
Slates of the Lemaire Formation are cross-cut by quartz veinlets of
different generations: previous, contemporaneous and posterior to the
first deformation phase, very similar to those described in section 4.1
for the Lapataia Formation. The protolith corresponds to interbedded
shales and tuffaceous sandstones with evidence of turbiditic sedi-
mentation in a marine slope environment (Olivero et al., 1997)
(Fig. 5C). Under the microscope, quartz, white mica and stilpnomelane
were recognized as metamorphic minerals. The S1 foliation is con-
tinuous and generally planar, but may be slightly anastomosed around
detritic clasts of the protolith. It is affected by a D2 crenulation cleavage
(Fig. 5D).
The metamorphic mineral paragenesis observed in the Lemaire
Formation is: white mica + quartz + plagioclase ± stilpnomelane ±
chlorite. As previously mentioned, chlorite is almost absent, and when
present, it is localized in metamorphosed fiamme of the pyroclastic
protolith. Scarce small crystals of this mineral are also found composing
the tectonic foliation of the rock, where white mica is the dominant
metamorphic mineral. These characteristics allow assigning this
Formation a slightly lower metamorphic grade (compared to the
Lapataia Formation), outside the chlorite zone, probably under sub-
greenschist facies metamorphic conditions.
4.3. Yahgán Formation
The Yahgán Formation is composed of slates and metaconglome-
rates. In the study area, they overlay rocks of the Lemaire Formation in
tectonic contact (regional detachment, see section 6.2). Slates of the
Yahgán Formation (marine metasedimentites) regionally expose a
rhythmic, flysch-like psammitic-pelitic sedimentation sequence, inter-
preted as turbidites (Olivero and Martinioni, 1996b). Under the mi-
croscope, the protolith comprises finely interbedded layers of clay-rich
and carbonaceous pelite; and detrital quartz and feldspar. Calcite is also
present in the bedding. Metamorphic sericite and quartz define a con-
tinuous foliation (S1) (Fig. 5E), which is axial planar to folds in the
bedding, widely recorded throughout the Fuegian Andes (e.g. Bruhn,
1979; Torres Carbonell and Dimieri, 2013) (Fig. 8D). In our study area,
however, the first phase foliation (S1) transposes S0, and is folded by D2
folds nearby the detachment level in the tectonic contact with the Le-
maire Formation (Figs. 5E and 8C, Supplementary Material 1E). The
small grain size of the protolith (mudstones and very fine-grained
sandstones) and a very low metamorphic grade precluded the re-
cognition of any other index metamorphic minerals, although prehnite-
pumpellyte has been reported in the Yahgán Formation elsewhere, as-
signing a prehnite-pumpellyte metamorphic grade (Bruhn et al., 1978;
Olivero and Martinioni, 1996b). A few hundred meters north of Cu-
charita Bay (Figs. 2 and 3), the Yahgán Formation exposes a matrix-
supported metaconglomerate on the detachment in contact with the
underlying Lemaire Formation (Fig. 5F). The clasts are well rounded
and flattened parallel to S1. Due to a higher competence of the clasts in
comparison with the pelitic matrix, S1 usually has a higher degree of
development in the matrix and anastomoses around the clasts.
4.4. Mylonitic rocks associated to D1 ductile shear zones
The entire stratigraphic package has been subjected to ductile,
simple shear deformation during D1, related to the obduction of the
RVBB. As a result, high strained fabrics with a mylonitic character are
widely distributed in the study area, as well as in many other sectors of
the Fuegian Andes. Penetrative structures associated with these mylo-
nitic rocks are a mylonitic foliation (S1m), and an associated mineral
stretching lineation (L1S). We mapped, for scale purposes (cf. Trouw
et al., 2010), a ductile shear zone in the area of Lapataia Bay (Figs. 2
and 3), although it should be clarified that narrower (unmappable at
the scale of this work) mylonitic zones are very common, especially in
the Lapataia and Lemaire formations acid metavolcaniclastites, given
that these mylonites have the tendency to develop in quartz-rich pro-
toliths. In the Lapataia Bay, greenschist facies mylonites to ultra-my-
lonites with S1m and L1S define a NW-SE striking ductile shear zone
within the Lapataia Formation (Figs. 2 and 3). The metamorphic mi-
neral paragenesis is: chlorite + quartz + plagioclase + white
mica ± stilpnomelane ± epidote ± titanite. S1m is defined by the
growth of oriented chlorite and white mica, as well as recrystallized
quartz and plagioclase with a GSPO parallel to S1m (Fig. 6A). ϴ and δ-
type porphyroclast systems in quartz and plagioclase were identified, as
well as boudinaged and rotated quartz-calcite veins. All kinematic in-
dicators show a top-to-NE sense of shear (Fig. 6B, Supplementary Ma-
terial 1F). Quartz porphyroclasts have undulose extinction and are
dynamically recrystallized by bulging (BLG) and sub-grain rotation
(SGR). Plagioclase porphyroclasts are highly strained and replaced by
sericite, epidote and calcite. They show tapered twins, undulose
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extinction and subgrains, as well as BLG recrystallization as a me-
chanism of incorporating new material into the wings along porphyr-
oclast boundaries (Fig. 6C). S1m is crenulated by D2 structures (Fig. 6A),
indicating that the Lapataia Shear Zone has been active during D1. L1S
plunges to the SW and to the W (Figs. 2 and 6D).
Mylonitization also occurred in rocks of the Lemaire Formation with
a quartz-rich protolith (metatuffs), producing sub-greenschist facies
proto-mylonites and mylonites (Fig. 6E). BLG recrystallization is well
Fig. 5. A.Metabreccias (outcrop) and B. metatuffs (CPL) in the Lemaire Formation. C. Turbidite facies in Lemaire Formation slates. Bedding (S0) is highly oblique to
S1. D. Photomicrograph of Lemaire Formation slates with crenulation cleavage (S2). S2 is discontinuous and refracted due to the heterogeneity of the protolith. PPL.
E. Photomicrograph (PPL) of slates in the Yahgán Formation near the contact with the Lemaire Formation. S1 (continuous foliation from lower-left to upper-right) is
crenulated. F.Metaconglomerate at the base of the Yahgán Formation. Detail shows a rounded clast which is flattened parallel to the foliation of the rock. Qtz: quartz,
Op: opaque material, Ser: sericite. Pl: plagioclase. PPL: plane polarized light. CPL: crossed polarized light.
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observed in quartz, mostly along fragmented crystal boundaries and
incipient in feldspar porphyroclasts (see section 5, Fig. 8 F, H). Also,
pressure-solution seams of opaque material are disposed parallel to the
mylonitic foliation, and strain caps rim the quartz and feldspar por-
phyroclasts. The metamorphic mineral assemblage is: white
mica + quartz + plagioclase ± stilpnomelane ± chlorite. Mylonites
Fig. 6. Mylonitic rocks in the Lapataia and Lemaire formations A. Greenschist facies ultramylonite in the Lapataia Formation. Notice that S1m is folded by a D2
crenulation cleavage (S2). CPL. B. δ-type quartz porphyroclast in a Lapataia Formation ultramylonite. Sense of shear is top-to-NE. CPL. C. Dynamic recrystallization
in quartz and plagioclase porphyroclasts in Lapataia Formation ultramylonites. The quartz porphyroclast (upper-right) shows patchy extinction and incipient SGR, as
well as BLG recrystallization in the crystal boundaries. The plagioclase porphyroclast (lower-left) shows tapered twins and BLG recrystallization. CPL. D. Field aspect
of the L1S mineral stretching lineation, plunging to the SW. E. Lemaire Formation mylonite. CPL. F. Detail of the matrix in Lemaire Formation mylonites, showing a
D2 crenulation cleavage (S2). CPL. Qtz: quartz, Wmca: white mica, Pl: plagioclase, Chl: chlorite, Stp: stilpnomelane.
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Fig. 7. A. Detail of cohesive cataclasites in slates at the Lapataia-Lemaire formations contact. B. Cataclastic shear zone in the Lapataia-Lemaire formations contact.
Arrows point to D2 fault planes with slicken fibers. C. Cataclastic shear zone in the Lapataia-Lemaire formations contact. S1 is deflected becoming asymptotic to D2
fault planes. D. Detachment surface (folded) at Cucharita Bay, in the Lemaire-Yahgán formations contact. E (Outcrop) and F (photomicrograph, PPL) pictures of
cataclastic textures in the cohesive cataclasite at Cucharita Bay.
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of the Lemaire Formation also show a D2 crenulation producing folds in
S1m (Fig. 6F).
4.5. Cataclasites associated to D2 brittle-ductile shear zones
Brittle-ductile cohesive cataclasites crop out in the tectonic contacts
between the Lapataia and Lemaire formations (a D2 thrust dipping to
the WSW); and the Lemaire and Yahgán formations (a D2 detachment
surface dipping to the E; Figs. 2 and 3) (see section 6.2). The former
exposes a cataclastic zone with a thickness variable from 5 to 10m in a
NNW-SSE level of brecciated slates. Injection through irregular frac-
tures (crosscutting S1) filled with silica bound angular clasts of different
sizes (Fig. 7A). Numerous fault planes (exhibiting slickenfibers and
striae with highly variable orientations) crosscut D1 structures (Fig. 7B).
In other cases, S1 deflects and becomes asymptotic to discrete fault
planes forming sigmoidal structures with top-to-NE sense of shear
(Fig. 7C).
Further east, the tectonic contact between the Lemaire and Yahgán
formations (Fig. 7D) is exposed at the coast of Cucharita Bay and a few
hundred meters through the hills to the north. This brittle-ductile shear
zone strikes NNW-SSE and dips to the ENE, along the few hundred
meters of saltuary outcrops. It comprises a cohesive cataclasite with
approximately 5m of brecciated Lemaire and Yahgán constituents,
embedded in a finer matrix of mechanically crushed material cemented
with silica (Fig. 7E). The cataclasite has numerous silicate-filled veinlets
and brittle fault planes with slickenlines (in highly variable orienta-
tions). The S1 foliation occasionally deflects toward narrow, subsidiary
brittle-ductile shear zones, indicating top-to-NE slip (Supplementary
Material 1G). At a low hill at the northern culmination of the exposures,
a basal conglomerate in the Yahgán Formation (Fig. 5F) is partly in-
volved in the cataclasite. In thin section, a cataclastic texture is evident
(Fig. 7F).
5. Structural geology and metamorphism
We recognized penetrative structures related to two deformation
phases: D1 and D2; and non-penetrative structures related to a third
deformation phase (D3) (Figs. 2, 3, 8 and 9). We didn't observe in the
field, nor at the microscopic scale, any deformation phase affecting the
primary bedding of the rocks (S0) prior to the development of D1
structures (F1: first phase folds and folding axes, S1: first phase tectonic
foliation, S1m: mylonitic foliation, L1s: mineral stretching lineation). D1
folding styles vary from one unit to another. Transposition of S0 by S1 is
generalized in all the units, but much more developed in the Lapataia
Formation, where F1 correspond to cm-scale isoclinal rootless folds and
dismembered S0 laminae, disposed parallel to S1 (Fig. 8A). The Lemaire
Formation shows a more variable degree of transposition, with F1 folds
varying between open and tight (Fig. 8B); with a NW to NE vergence in
most cases. In the Yahgán Formation transposition is only noticeable
near the base of the unit, where rootless “M”-folds are bounded by
transposed S0-S1 bands, which are also crenulated by D2 (Fig. 8C); but
in general, tens of meters away from the tectonic contact with the Le-
maire Formation, F1 become asymmetric, similar and tight, showing a
folding style analogous to several descriptions of the unit elsewhere in
the orogen (e.g. Bruhn, 1979; Torres Carbonell and Dimieri, 2013)
(Fig. 8D).
The first phase foliation (S1) is the most conspicuous, and it is dis-
tributed regionally throughout the orogen (Fig. 2) (cf. Bruhn, 1979;
Nelson et al., 1980; Torres Carbonell et al., 2017). In the Lapataia,
Lemaire and Yahgán formations, S1 is recognized as a slaty cleavage or
a fine schistosity (Figs. 4, 5 and 8), parallel to axial planes of folds in the
bedding. This foliation, with a variable degree of development, is
formed by the alignment of phyllosilicates and amphiboles (the latter in
metabasites of the Lapataia Formation), and the GSPO of strained
quartz and plagioclase crystals. Pressure-solution bands are also
common, and especially important in the development of the slaty
cleavage in slates. There is a notorious variation in the dip of S1 where
different protoliths of the Lapataia Formation are in contact. This is due
to a refraction phenomenon caused by different rheological properties
of the protoliths.
The metamorphic assemblages in the Lapataia, Lemaire and Yahgán
formations (described in sections 4.1, 4.2, and 4.3, respectively), reveal
peak dynamo-thermal metamorphism (M1) reached during D1. The
metamorphic grade is variable from one Formation to another. Rocks of
the Lapataia Formation show greenschist facies metamorphic mineral
assemblages (quartz + chlorite + epidote in phyllites and fine schists;
white mica + chlorite in slates and quartzites; and tremolite-actino-
lite + epidote + chlorite in greenschists and greenstones), whereas the
Lemaire and Yahgán formations portray a lower metamorphic grade
(sub-greenschists and prehnite-pumpellyte facies, respectively), both
outside the chlorite zone (section 4, Figs. 4 and 5). Only subordinate,
very fine chlorite (which we interpret as a non-metamorphic, replace-
ment mineral) was observed in metabreccias of the Lemaire Formation
replacing pumiceous fragments (fiamme). Temperature in the chlorite
zone for regionally metamorphosed pelites is believed to be in the 350°
to 450 °C range (Winter 2014). During D1, strain concentrated in lo-
calized areas within the Lapataia and Lemaire formations, which pro-
gressively evolved into ductile shear zones, where dynamic meta-
morphism (M1D) took place. As a result, proto to ultra-mylonites
(described in section 4.4) with a mylonitic foliation (S1m) and a mineral
stretching lineation (L1S) developed, as in the case of the Lapataia Shear
Zone (Fig. 2). The fluctuation in the plunge of L1S (with southwest to
westerly trends, Fig. 2) has also been recorded in other sectors of the
Fuegian Andes (e.g. Cao et al., 2015; Torres Carbonell et al., 2017), and
is related to the effect of D2 and D3 refolding first phase structures.
Therefore, the original attitude of L1S with respect to S1m is probably
not the present one.
Dynamic recrystallization during M1D is more intense in the
Lapataia Formation than in the Lemaire Formation. Quartz porphyr-
oclasts in quartzites have BLG and SGR recrystallization textures, de-
veloping highly recrystallized core-mantle structures with relatively
strain-free (only with undulose extinction) sub-polygonal grains
(Fig. 8E). Several studies from other parts of the world, including
40Ar/39Ar and zircon fission track thermochronology (Dunlap et al.,
1997; Stöckhert et al., 1999) in mylonitic quartzites with fabrics very
similar to the Lapataia Formation's (within regime 3 of Hirth and Tullis,
1992; Supplementary Material 1H), constrain the temperature during
natural deformation fairly between 320º-385° (see also Brix et al.,
2002). These results are just slightly higher than previous estimations in
our study area, provided by Acevedo (1995), who determined tem-
perature conditions of 300° for this Formation near Lake Acigami, using
chlorite geothermometry.
Fig. 8. D1 penetrative structures and dynamic recrystallization textures A. Transposition foliation (S0+S1, upper part of the picture) and dismembered S0 laminae
and isoclinal folds (lower part) in the Lapataia Formation. Inset at lower-right corner sketches rootless folds in the bedding, showing transition to a transposition
foliation B. F1 folding style in the Lemaire Formation. Notice the angular relationship between S0 and S1. In this case, F1 are open. C. Photomicrograph (PPL) of
crenulated slates of the Yahgán Formation near the contact with the Lemaire Formation. Rootless “M”-folds in S0, and F2 folding a transposed S0+S1 foliation are
shown (explanation in text). D. Folding style in the Yahgán Formation away from the tectonic contact at Cucharita Bay. Black lines are faults displacing F1 folds in the
bedding. E. Sub-polygonal quartz grains in the Lapataia Formation, recrystallized by BLG and SGR. CPL. F. Quartz porphyroclast in a Lemaire Formation mylonite.
BLG recrystallization occurs along crystal borders, and is restricted to fractures in the porphyroclast. CPL. G. Plagioclase porphyroclast in the Lapataia Formation,
with development of core-mantle structure by BLG recrystallization. CPL. H. BLG recrystallization along boundaries of a plagioclase porphyroclast in a Lemaire
Formation protomylonite. Notice the small size of new grains, compared to Fig. G. CPL.
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The sub-greenschist facies proto-mylonites and mylonites of the
Lemaire Formation, whose protolith is very similar to the one of the
quartz-chlorite greenschists of the Lapataia Formation, reveal low-
grade mylonitization. BLG recrystallization is well observed in quartz,
mostly along fragmented crystal boundaries (Fig. 8F) and incipient in
feldspar porphyroclasts. Feldspar deformation reveals evidently higher
temperature conditions in mylonites and ultra-mylonites of the Lapataia
Formation, where patchy undulose extinction, tapered twins and BLG
recrystallization developing core-mantle structures (Fig. 8G) contrasts
with the growth of very small grains by BLG recrystallization along
Fig. 9. Field aspect of D2 and D3 structures. A. F2 folding style in quartz-chlorite greenschists of the Lapataia Formation. Hammer for scale. B. F2 folding style in slates
of the Lapataia Formation. Pencil for scale. C. Crenulation lineation (L2) affecting S0+S1 in the Lapataia Formation. The picture plane in the upper part is per-
pendicular to S0+S1. Lower part is a plan view of the same outcrop. KB: D3 kink bands kinking S0+S1 surfaces. D. F3 folds in the Lapataia Formation. E. D3 gash
fractures and kink bands in slates of the Lapataia Formation. F. D3 shear zones in the Lapataia Formation, causing deflection and folding of S0+S1.
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fragmented crystal boundaries in the Lemaire Formation (Fig. 8H).
D2 caused folding of first phase structures, with the development of
F2 folds, crenulation cleavage (S2) and a crenulation lineation (L2)
(Fig. 3). At the outcrop scale, the Lapataia Formation exhibits the lower
order of D2 folding: centimetric to metric-scale folds, mostly with a NE,
and some with a SW vergence; and axes plunging gently to the SE and
NW (Fig. 9A). In the Lemaire Formation we identified F2 folds with
slightly shorter wavelengths (centimetric, Fig. 9B), and in the Yahgán
Formation, folding of S1 surfaces also reaches wavelengths of a few
centimeters, but is constrained to a small area adjacent to the tectonic
contact with the Lemaire Formation (see section 6.2) (Figs. 5E and 8C,
Supplementary Material 1E). S2 is a spaced crenulation, varying be-
tween zonal and discrete, marked by growth of stilpnomelane and
sericite, and a residue of opaque material (Figs. 4B, 5D and 6F). S2 is
easily noticeable under the microscope, although it is very difficult to
measure in the field. The S1-S2 intersection, however, generates a well-
developed intersection lineation contained in S1 planes of the Lapataia
and Lemaire formations (L2 lineation), being more closely spaced in the
former (Fig. 9C). L2 lays both parallel and oblique to the strike of S1 in
different sectors, pitching with angles up to 55° to the SW and SE.
D1 and D2 structures show a rather similar attitude, with general
WNW-ESE folding axes and foliation trends; and a general vergence
toward the NE. They appear to be part of non-coaxial progressive de-
formation, especially evident in first phase microstructures (Bruhn,
1979; Torres Carbonell et al., 2017, Figs. 2, 3, 8 and 9).
A third deformation phase (D3) generated F3 folds in D1 and D2
structures, with an approximately perpendicular trend to them (Figs. 3
and 9D). F3 folds are much more open, and appear to be related to kink
bands and localized brittle-ductile shear zones, a few cm-wide and a
few m-long, containing gash fractures (Fig. 9E and F).
Many brittle shear fractures and joints are present in the study area
affecting all the units. These obviously pertain to posterior deformation
phases, in comparison with those on which we made focus, and are thus
not analyzed here.
6. Discussion
6.1. Stratigraphy of the Lapataia Formation
Rocks attributed to the pre-Jurassic basement of the Rocas Verdes
basin in Cordillera Darwin contain, according to Nelson et al. (1980),
basement structures (DB) developed prior to the first event of the An-
dean Orogeny (D1 and related structures). Klepeis et al. (2010) reported
Jurassic Darwin Suite granite dikes (with U/Pb crystallization ages of
153.12 ± 0.93 Ma) intruding a penetrative foliation (DB of Nelson
et al., 1980) in a basement schist at the northern end of Ventisquero
Sound (Fig. 1B), being the only analytic data available at present to
support the existence of pre-Jurassic structures in the basement of the
RVBB. This is an important remark, since the SB (=DB) structures are
mostly a transposition foliation with associated intrafolial folds, related
to lower greenschist facies metamorphism, and thus it is difficult to
separate them from similar regional S1 fabrics (Nelson et al., 1980;
Hervé et al., 2010; Klepeis et al., 2010). In our study area, Bruhn (1979)
described the structure of the Lapataia Formation without recording
any tectonic fabric older than S1, but he did mention pre-S1 folds at
Yendegaia Bay, westward from our study area (see Fig. 7 of Bruhn,
1979) (Fig. 1B). Our structural analysis recognizes S1 as the older fabric
present at the study area; namely, it is the first structure to affect the
sedimentary layering S0. There is no evidence of any deformation phase
prior to S1, which one could consider as SB structures in the sense given
by Nelson et al. (1980). On the other hand, it comes as a problem that
some of the basement rocks showing the lowest metamorphic grades in
northern Cordillera Darwin (e.g. Parry Bay, Fig. 1), with detrital zircon
U/Pb Paleozoic ages (Hervé et al., 2010); reveal petrographic and
tectonic features very similar to the ones we describe in the Lapataia
Formation. We would expect these Paleozoic rocks, portraying
greenschist facies metamorphic grade and located away from the higher
deformation zone (at the southern border of Cordillera Darwin), to
reflect at least part of a pre-RVBB closure fabric. However, published
rock descriptions from these facies are not conclusive with a pre-Cre-
taceous deformation (Ortiz, 2007).
Regarding the petrographic characteristics of the Lapataia
Formation, we notice a striking similarity with Jurassic units previously
described by several authors in Cordillera Darwin (e.g. “coastal schists”
in Cunningham, 1995). More recently, Maloney et al. (2011) made a
distinction between basement schists and the Serie Tobífera (equivalent
to the Upper Jurassic Lemaire Formation), reporting in the latter me-
tamorphic mineral parageneses very similar to those described in this
work in the Lapataia Formation. Moreover, the protolith of the Lapataia
Formation (basic volcanics and acid volcaniclastics interbedded with
quartzitic-pelitic clastic rocks) highly resembles the protolith of the
Lemaire Formation elsewhere in the Fuegian Andes, where intercala-
tions between acid and basic metavolcanites and metavolcaniclastites,
together with metasedimentites are abundant; all of them metamor-
phosed under lower greenschist or prehnite-pumpellyte facies condi-
tions (Kranck, 1932; Bruhn, 1979; Hanson and Wilson, 1991; González
Guillot et al., 2016; González Guillot, 2017).
In summary, the conjunction of structural and petrographic-strati-
graphic data from previous and our present work, suggest two possible
scenarios for the stratigraphic framework of the Lapataia Formation: 1)
that it is part of the Paleozoic basement unaffected by pre-Cretaceous
(pre-RVBB closure) deformation; or 2) that it is part of the Mesozoic
cover of the RVBB, which reached a slightly higher metamorphic grade
than the Lemaire Formation during Cretaceous deformation. The only
Fig. 10. Cross-section of the study area (location in Fig. 2). A–B: Schematic cross-section in Fig. 11d.
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analytic data published to date regarding the age of the SB deformation
at Ventisquero Sound (Klepeis et al., 2010) point to the second possi-
bility, but clearly more work on absolute rock age determinations is
needed to extrapolate those results to our study area.
6.2. Kinematic evolution of the central orogenic belt
The geologic cross-section studied in this work (Fig. 10) shows the
distribution of the three formations and all structural elements de-
scribed in the previous sections. The Lapataia Shear Zone (LSZ) com-
prises mylonites to ultra-mylonites (from the M1D event) developed
during or shortly after the first deformation phase (D1) and associated
dynamo thermal metamorphic event (M1). Cataclasites in the contact
between the Lapataia and Lemaire formations correspond to a D2 thrust
dipping to the WSW, placing the Lapataia over the Lemaire Formation.
Further east, another cataclastic zone in the tectonic contact between
the Lemaire and Yahgán formations, exposed at the coast of Cucharita
Bay and a few hundred meters through the hills to the north; is asso-
ciated to a shear zone, which strikes almost N-S and dips to the E. As
mentioned above, S1 in the Yahgán Formation shows D2 crenulation
spatially constrained to this tectonic contact zone, suggesting a struc-
tural linkage between such crenulation and D2 thrusting, also reported
in other sectors of the Fuegian Andes (Torres Carbonell and Dimieri,
2013; Torres Carbonell et al., 2017). Previous work in the area inter-
preted this shear zone as a folded D2 roof thrust of a crustal duplex
system in the orogenic core of the Fuegian Andes, probably formed
since ca. 80 Ma (Torres Carbonell and Dimieri, 2013). As deformation
progressed toward the foreland, thrust stacking with development of
new ramps caused the folded nature of the roof thrust of the duplex. A
similar detachment surface in a stratigraphically equivalent horizon has
been described by Klepeis (1994) in Chile, 40–50 km NW of our study
area (Fig. 1A and B).
Accordingly, in our geometric and kinematic model (Fig. 11), D1 is
characterized by regional simple shear during obduction of the RVBB in
the Late Cretaceous (roughly 100-86 Ma, cf. Klepeis et al., 2010)
(Fig. 11a, Fig. 1C), which in the upper crustal levels (Yahgán Forma-
tion) caused similar folding with axial-planar foliation whilst in the
lower levels (Lapataia Formation), S0 is completely transposed by S1.
The structure in the Lemaire Formation is transitional between both end
members. Localized high-strained areas evolved into ductile shear
zones (LSZ), during or shortly after this phase, producing mylonitic
rocks with a mylonitic foliation (S1m) related to dynamic meta-
morphism (M1M).
Continued deformation produced crenulation of previous structures
during D2 (Fig. 11b). Although the dip of axial planes generated during
D1 and their geometric relationship with D2 folding are inferred, the
angular relationship shown in our scheme is consistent with what's
observed in most of the studied samples (e. g. Fig. 5D). Shear strain
concentrated along certain areas, e.g. near the contact between the
Lemaire and Yahgán formations (Fig. 11b). These zones deformed by
ductile-brittle deformation, reflecting the post-80 Ma exhumation and
cooling of the system recorded in metamorphic P-T-t paths from Cor-
dillera Darwin (Nelson, 1982; Kohn et al., 1995; Maloney et al., 2011).
This led finally to faulting and formation of the detachment involving a
cataclastic zone (Fig. 7 D–F, Fig. 11c), acting as the roof thrust of a
duplex linking ramps rooted at a lower detachment, which may be
connected hinterlandwards with the suture zone of the arc-continent
collision involved in the RVBB closure (Klepeis et al., 2010; Torres
Carbonell and Dimieri, 2013) (Fig. 1C). Continued contraction and
evolution of the duplex, forming a crustal stacking wedge (progressing
from SW to NE); caused folding of the roof thrust, which became in-
volved in successive horses (Fig. 11d).
The thrusting phase is linked to D2 structures, which occur only near
the detachment in the Yahgán Formation. More ductile rheology below
the detachment, especially in the Lapataia Formation, favored a less
restricted development of these structures within the horses of the
duplex. However, in the higher structural levels east and northeast from
our study area, D2 structures (crenulation folds of cm-to microscopic-
scale and crenulation cleavage) appear only in zones near the regional
detachment and near thrusts bounding the horses. Regarding D2
folding, a SE dominance in the plunge direction of F2 folds is evident in
our study area (see stereoplots in Fig. 3). This regional tilting of D2
structures toward the SE could indicate that our study area is positioned
near the lateral culmination of a first order, regional-scale D2 antiform
(similar to those in Fig. 1B) with a SE plunging axis. This first order
structure may have lateral continuity to the NW (toward Cordillera
Darwin), and would also explain the NNW-SSE strike of the detachment
between the Lemaire and Yahgán Formations at Cucharita Bay.
A third deformation phase (D3, Figs. 3 and 9 D-F) was recognized
during this work. Although little is known about its nature and re-
gional-scale distribution, a few preliminary outlines are given here: 1) it
has a non-penetrative, localized distribution throughout the study area;
2) it pertains to a semi-brittle to brittle deformation regime. The de-
flection of pre-existing foliations along shear zones shows the most
ductile deformation behavior recorded in this phase; 3) kink bands are
present in all units, but shear zones are conscribed to the Lapataia
Formation; and 4) orientation of D3 structures is clearly non-coaxial
with respect to D1 and D2 structures. A possible interpretation for this
set of structures is that they could be linked with the regional strike-slip
faulting in a brittle regime along the Magallanes-Fagnano and Beagle
Channel fault systems, which as previously reported clearly post-dates
the main contractional deformation in the Fuegian Andes (Torres
Carbonell et al., 2008; Klepeis et al., 2010). In this scenario, the orogen-
parallel contraction suggested by the orientation of F3 folds could be
related to the deflection of maximum stress trajectories from SW-NE to
E-W due to stress perturbations near the major strike slip fault systems,
as suggested by Maestro et al. (2016). However, further research is
needed to contrast this hypothesis.
As previously mentioned, transpressive models have been proposed
for the kinematics of the closure of the RVBB (Cunningham, 1995;
Menichetti et al., 2008; Esteban et al., 2011, among others). Field
evidence supporting these models include horizontal stretching linea-
tions (reported by Cunningham, 1995) trending parallel to the strike of
S1 surfaces, restricted to an area adjacent to the Beagle Channel in
Cordillera Darwin. We studied thin sections perpendicular to S1 sur-
faces in the area depicted in Fig. 2, parallel, oblique and perpendicular
to the strike direction of such planes, and found no evidence of strike-
slip activity coeval with the development of S1, nor the S2 (crenulation)
foliations. The presence of oblique stretching lineations in the area of
Lapataia Bay, as explained in section 5, could respond to the re-folding
of S1, which is the case in other sectors of the Fuegian Andes (e.g.
Torres Carbonell et al., 2017). Following this criterion, it would be very
difficult to explain a hypothetical rotation of originally WNW-ESE
strike-slip stretching lineations into S-SW plunging ones (cf. Fig. 3, and
Fig.12 in Bruhn, 1979), around WNW-ESE D2 folding axes (Fig. 3). It is
also worth noting that Cunningham (1995) restricted his model to the
Cordillera Darwin sector, and recognized pure compression in other
parts of the orogen.
7. Conclusions
Our structural and petrographic data support previous evidence
arising the uncertainty of assigning the Lapataia Formation to the pre-
Jurassic basement of the RVBB. It is only clear that this unit was de-
formed deeper in the crust than the Upper Jurassic Lemaire Formation,
but no pre-Late Cretaceous structures were observed. If the Lapataia
Formation is pre-Jurassic, this would imply that no tectonic fabric
previous to the RVBB was present in our study area, which is in con-
traposition with evidence (although scarce), that some basement de-
formation occurred prior to the intrusion of the Jurassic Darwin Granite
Suite. Our detailed petrographic characterization contributes to the
matter, as the similarity between protoliths of the Lapataia Formation,
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the Serie Tobífera (Upper Jurassic, Chile) and the Lemaire Formation
(Upper Jurassic) is conspicuous.
Likewise, this work wishes to improve the geologic cartography of
the area. Mapping of lithological group distribution within the Lapataia
Formation allows stating, for instance, that the exposures on the
southwestern corner of our map (Fig. 2) pertain to an acid volcani-
clastic protolith and not to metabasites, as previous maps of the area
suggested (e.g. Bruhn, 1979). We also report the presence of an ap-
proximately 2 km wide mylonitic zone (Lapataia Shear Zone), devel-
oped as part of a dynamo thermal metamorphic event during or shortly
after D1.
Observations of the structures in this sector of the Andean Cordillera
also support previously proposed regional geometric-kinematic models
for the closure of the RVBB. We determined two distinct, coaxial de-
formation phases: first phase ductile simple shear deformation and
mylonite zone generation during the main event of basin closure (100-
80 Ma); and second phase ductile-brittle to brittle deformation
(thrusting and duplexing) during transference of shortening to the
foreland (since ∼80 Ma). The shift in metamorphic and dynamic re-
crystallization grades noticed east of Zaratiegui Cove, plus the presence
of a shear zone with cataclasites in the contact between the Lapataia
and Lemaire formations, indicate the presence of a thrust, placing rocks
from a deeper structural level (Lapataia Formation) over a shallower
one (Lemaire Formation) during D2. This thrust corresponds to a ramp
bounding horses of a duplex system; and the shear zone with catacla-
sites exposed at Cucharita Bay, to the roof thrust of the duplex, located
in the contact between the Lemaire and Yahgán formations.
Emplacement of the Lapataia-Lemaire thrust and subsequent ramps
(progressing foreland-ward to the NE), produced uplift and folding of
the roof thrust, as well as already inactive thrusts bounding horses of
the duplex.
A third phase is reported for the first time, with a non-coaxial or-
ientation with respect to D1 and D2. The nature and geometry of these
structures suggest an orogen-parallel shortening direction in a brittler
regime compared with the two earlier stages.
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